The effects of preparing condition on crystallographic orientation for electrodeposited aluminum from the plating solution with aluminum chloride (AlCl 3 ) and dimethyl sulfone (DMSO 2 ) were investigated. The molar ratio of DMSO 2 :AlCl 3 was controlled from 10:1 to 10:5. The temperature range of the solution was from 110 to 150°C. The current density was set from 300 to 600 A/m 2 . The crystallographic orientation of the samples was strongly influenced by the solution composition and temperature. The films from the solution with ratio of 10:3 exhibited the highly (200) preferred orientation. On the other hand, current density hardly affected the crystallographic orientation within our current density range. The crystallographic orientation is discussed by means of the Pangarov's model based on the two-dimensional nuclei theory.
Introduction
Zinc plating is widely used for corrosion protection of steel structure because of the high corrosion resistance of zinc in atmospheric environment. However, it has been concerned about the depletion of zinc resources that occur within the next few decades. Aluminum is one of the most promising materials for the alternation of zinc because of its natural resource abundance, lightness and high corrosion resistance. On the other hand, an aqueous solution has been widely prevalent in the plating solution for the electrodeposition. However, the limited electrochemical window and hydrogen evolution problems have considerably restricted the kinds of metals for the electrodeposition. Aluminum, that is less noble than hydrogen, is difficult to electrodeposit from aqueous solution. Therefore, the possibility of forming an aluminum film using an organic solvent, [1] [2] [3] [4] [5] [6] [7] molten salts, [8] [9] [10] [11] hydride 12 or ionic liquid [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] has been studied. Dimethyl sulfone (DMSO 2 ) is one of the most promising solvent for aluminum plating.
3-7 DMSO 2 has some distinctive properties among the organic compounds, such as a high polarity, high boiling, aprotic solvent and relatively wide electrochemical window. DMSO 2 will remain stable at high temperatures for a long time. Molten DMSO 2 is excellent solvent for a wide variety of compounds including inorganic salts, organics and polymers. The high solubility of many compounds in DMSO 2 as well as its high temperature stability makes it an ideal reaction solvent for plating. The plating solution has been mainly composed of aluminum chloride (AlCl 3 ) and DMSO 2 for aluminum plating. [3] [4] [5] [6] [7] The control of the crystallographic orientation is one of the most important techniques for a semiconductor device process, crystal growth process and corrosion process. 26 Especially for aluminum, the crystallographic orientation has some influence on the occurrence of localized corrosion [27] [28] [29] and oxidation. [30] [31] [32] These reports show that the density of defect decreased in the order Al(111) > Al(110) > Al(100). The crystallographic orientation of electrodeosited Al has been studied about some of the solutions, AlCl 3 /1-Ethyl-3-methylimidazolium chloride, 33 AlCl 3 /1-butyl-3-methylimidazolium chloride, 34 and AlCl 3 /DMSO 2 .
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In spite of the large number of studies for electrodeposited Al from DMSO 2 solution, there have no systematic study of the effect of deposition parameter on crystallographic orientation. In this paper, we report on the results of electrodeposition of Al from the plating solution with AlCl 3 and DMSO 2 . Furthermore, we discuss the influence of the deposition parameter such as solvent composition, current density and temperature on the crystallographic orientation of the films.
Experimental
The plating solution was composed of AlCl 3 and DMSO 2 . The molar percent of AlCl 3 (100 © AlCl 3 /(DMSO 2 + AlCl 3 )) are controlled 9.1, 16.7, 23.1, 28.6 and 33.3%. That is, the molar ratio of DMSO 2 :AlCl 3 are 10:1, 10:2, 10:3, 10:4, and 10:5. Thickness of the films is about 30 µm. The current efficiency ranges from 92 to 98%. In other words, the deposition rate is proportional to the current density. Since a melting point of DMSO 2 is from 107 to 109°C, a plating temperature is necessary to be higher than this value. However, the aluminum plating was not sometimes performed at the temperature lower than 130°C. As mentioned below (section 3.1), results of temperature programmed desorption (TPD) showed that the desorption peaks of H 2 O appeared at 110 and 150°C. These results suggest that the water in the solution inhibits the aluminum plating. For this reason, the following plating was performed after dehydration pretreatment at 150°C. Aluminum and copper plate were used as counter and working electrode, respectively. The depositions were performed in a dry glove box filled with flowing dry nitrogen for 30-60 min. Other preparation parameters for each sample are shown in Table 1 .
The TPD (ESCO TDS-1200) was used to analyze H 2 O in the solution and impurities in the deposits. The TPD vacuum system used in this work is shown schematically in Fig. 1 . [36] [37] [38] [39] The morphology of the samples was observed using a scanning electron microscope (SEM, KEYENCE VE-8800) with an accelerating voltage of 20 kV. The X-ray diffraction (XRD) data at room temperature were taken for all samples using CuK¡ radiation.
Electrochemistry
Electron backscatter diffraction (EBSD) measurements were performed in a JEOL 7100F series SEM with a TSL DVC5-type EBSD detector and Hitachi SU5000 series SEM with a Nordlys-type detector. Figure 2 shows the TPD spectra of H 2 O (m/e = 18) desorption for the DMSO 2 with moisture. H 2 O is desorbed from the DMSO 2 at slightly high temperatures. Around 100°C, the relative intensity increases rapidly. The curve gradient increased slowly as the temperature exceeds 100°C. The maximum value appears at 110°C. Furthermore, the second intensity peak at 150°C is observed. This result shows that there are two different type of H 2 O in the DMSO 2 . The desorption at lower temperature may originate from ordinary H 2 O clusters and the desorption at higher temperature from H 2 O of crystallization in the DMSO 2 . Accordingly, the dehydration treatment of the solution by heating above 150°C is required in order to remove the influence of the water. Figure 3 shows the effect of AlCl 3 molar ratio on the surface morphology of Al films observed by the optical micrograph. The uniformity of the deposition is improved by masking the edge of the substrate. The bright and wave-like surface is shown in the samples from the low molar ratio of AlCl 3 . The formation of these wave-like shapes may be caused by the stirring of the solution. The films from the solution with ratio of 10:4 and 10:5 show the mat silver surface, high uniformity and good adhesion between the film and the substrate.
Results and Discussion

TPD measurement for the solution
Solution composition
Furthermore, the film morphology is also observed using SEM. Figure 4 shows the typical SEM images for the obtained samples )). With increasing AlCl 3 molar ratio, the particle size is increased and reaches a few tens of microns. The 10:4 film shows 10 micron-sized granular particles that are homogeneously deposited without any cracks and voids (sample (d)). The 10:5 film displays quite dense and uniformly covered the entire substrate. The wave-like and grain-like structures are observed simultaneously in the film plated from the solution with molar ratio of 10:3 (sample (c)). Figure 5 shows the effect of AlCl 3 molar ratio on the XRD patterns for the obtained samples. The intensities are normalized to the intensity of Al(111) peak. Besides the XRD peaks arisen from the Cu substrate, the peaks of metallic aluminum (JCPDS 04-0787) with a face-centered cubic structure (fcc) are clearly observed. The ratio of the peak intensity is only different from JCPDS card. The peak intensity ratio between (111) and (200) is about 2:1 in the random oriented bulk aluminum. There are no other phases such as alumina. It is found that the crystallographic orientations of the samples change accompanied by preparation conditions. In order to interpret the relationship between deposition conditions and crystallographic orientation, we consider Pangarov's model 40 based on two-dimensional nuclei theory. Pangarov studied that the anisotropy of the texture of electrodeposited metal is dependent on the two-dimensional nucleation process that is related to the overpotential. He predicted the preferred orientation fcc metals to be (111) in the low overpotential region, (100) in the intermediate overpotential region. This prediction was successfully applied to many metals with different crystalline types. In our case, 10:1 and 10:3 samples correspond to the low and the intermediate overpotential region, respectively. The 10:5 sample locates in the high overpotential region beyond the intermediate one.
Concerning the shift of overpotential, we will discuss below. The electrochemical reduction of the electroactive species occurs by the following reactions 5 
Where a AlðDMSO2Þ 3þ 3
is activity of Al ions in the solution (nearly proportional to the ion concentration) and a Al is activity of the deposit (= 1 for anion in the solid deposit). R is the gas constant, T is the absolute temperature, F is Faraday's constant, z is the number of exchanged electrons in the deposition reaction and E 0 is the standard electrode potential. In our case, according to the Eq. (3), equilibrium potential E is increased with increasing the Al ion concentration. Meanwhile, the overpotential © depends on both i and i o ,
Where i o is the exchange current, ¡ is the transfer coefficient. In most systems ¡ turns out to lie between 0.3 and 0.7, and it can usually be approximated by 0.5. 41 Changes in Al ion concentration should change i o to change ©. Figure 6 shows the AlCl 3 molar ratio dependence of (A) the XRD peak intensity ratio of I (200) /I (111) , (B) the full width of half maximum (FWHM). The dashed line in Fig. 6(A) indicates the value of the random oriented bulk aluminum. As increasing in the AlCl 3 molar ratio in the solution, the I (200) /I (111) first increases, and then decreases. The films from the solution with ratio of 10:3 exhibit highly (200) preferred orientation. The crystal growth was accelerated in this direction on copper substrates. The AlCl 3 molar ratio dependence of the FWHM is to be divided into two regions on the border with 10:3. With increasing in the AlCl 3 in the solution, FWHM is not changed up to 10:3 and then suddenly decreased. This result indicates that the crystalline size is changed at the molar ratio of 10:3. These results follow the same trend as the SEM results (Fig. 4) . Electrochemistry, 84(12), 953-958 (2016) Legrand et al. reported that the change of mass transfer process of active species change the crystal structure. The initial stages of electrodeposition are usually associated with two-or three dimensional nucleation processes. 4 The number of nuclei is strongly dependent on the amount of electroactive species and overpotential. 4 Furthermore, the changes in crystal growth forms can also reflect the surface morphology of the samples. According to the SEM micrographs, the smooth and microcrystalline shapes were almost exhibited in the samples from the low molar ratio of AlCl 3 . The specific (200) orientation may occur in the boundary of between two-and three-dimensional nucleation processes.
Solution temperature
The effect of the solution temperature was investigated from 110 to 150°C. Figure 7 shows the typical SEM images for the samples deposited at 110°C (f ) and 130°C (g). The SEM images for the samples of 150°C are shown in Fig. 4(e) . From the SEM analysis of the film structure, it appears that the morphology of the films is dependent on the solution temperature. The film plated at 110°C shows relatively flat surface (Fig. 7(f ) ). Some voids are observed in the surface of the sample. Surface of the film plated at 130°C shows a wave-like structure reflecting the substrate surface shape (Fig. 7(g) ). The porous structure is observed in the high magnification image of the right side of Fig. 7(g) . By contrast, films at 150°C shows a dens structure with spherical particles (Fig. 4(e) ). Figure 8 shows the typical XRD patterns for the samples deposited at 110°C (f ) and 130°C (g). The XRD patterns for the samples of 150°C are shown in Fig. 5(e) . The intensities are normalized to the intensity of Al(111) peak. There are no other phases such as alumina. It is found that the crystallographic orientations of the samples change accompanied with preparation temperature. Figure 9 shows the solution temperature dependence of (A) the XRD peak intensity ratio of I (200) /I (111) , (B) the FWHM. The dashed line in Fig. 9(A) 
Current density
The effect of the current density was investigated from 300 to 600 A/m 2 . Figure 10 shows the typical SEM images for the samples deposited at 300 A/m 2 (h) and 450 A/m 2 (i). The SEM images for the samples of 600 A/m 2 are shown in Fig. 4(e) . It appears that the morphology of the films was only slightly dependent on the current density. All the samples show a dens structure with spherical particles and uniformly covered the entire substrate. With increasing in the current density the particle size increases and reaches a few tens of microns. Figure 11 shows the typical XRD patterns for the obtained samples. Besides the XRD peaks arisen from the Cu substrate, the peaks of metallic aluminum with fcc structure are clearly observed. The peak intensity ratio of I (200) /I (111) is the same value as JCPDS card. There are no other phases such as alumina. Figure 12 shows the current density dependence of (A) the XRD peak intensity ratio of I (200) /I (111) , (B) the FWHM. The dashed line in Fig. 12(A) indicates the value of the random oriented bulk aluminum. The values of I (200) /I (111) of the samples are nearly equal to that of random oriented bulk samples. This result shows that current density hardly affects the crystallographic orientation and structure within this current density range.
TPD
The amount of impurities in the films that are caused by unreacted solution or by-products is important for electrodeposition. TPD measurement was performed in order to investigate the effect of the amount of impurities on the crystallographic orientation of the films. Figure 13 shows TPD spectra of the (200) oriented (sample (c)) and the (111) oriented sample (sample (e)); (A) HCl, (B) DMSO 2 and (C) Al. The selected fragments correspond to the following m/z ratios; (A) 36(HCl), (B) 94(DMSO 2 ) and (C) 27(Al). Chlorine is hardly detected because chlorine is highly reactive and is desorbed as hydrogen chloride. 42 The TPD of HCl shows a desorption peak near 300 and 600°C in the (200) oriented sample. In contrast, the desorption peak near 300°C is not observed in the (111) oriented sample. This desorption peak at 300°C is close to the temperature of the DMSO 2 desorption peak ( Fig. 13(B) ). This result indicates that the (200) oriented sample contains a larger amount of DMSO 2 than the (111) oriented one. These chlorines may be due to the presence of AlCl 3 , AlCl 4 ¹ or dissolved chlorine in the DMSO 2 solvent. On the other hand, HCl peak at 600°C is derived from the chlorines existing as the aluminum chloride. Because HCl begins desorb at the same time of Al desorption ( Fig. 13(C) ). Figure 14 shows the EBSD band contrast map (i.e. the quality of the Kikuchi patterns) of (A) (111) oriented sample (sample (e)) and (B) (200) oriented sample (sample (c)). The brightness of diffraction pattern is mapped into a gray scale image, and it shows detailed features of the microstructure such as boundaries. The darker regions represent that it cannot be indexed by EBSD. In these regions, it is not crystal or its crystal size is below resolution by EBSD. Therefore, the darker regions are associated with either grain boundaries or regions contained a large density of dislocations. Clear band contrast is observed in the (111) oriented sample ( Fig. 14(A) ). This result indicates that the (111) oriented sample is composed of good crystalline. On the other hand, the darker and blurred regions are widely observed around the columnar grain in Fig. 14(B) . This shows that a large number of grain boundaries or dislocated regions are caused in the (200) oriented sample. DMSO 2 and chlorides are considered to be present in these incomplete areas. Therefore, the TPD peak of DMSO 2 ( Fig. 13(B) ) is lager in the (200) oriented sample than in the (111) oriented one.
Conclusion
We investigated the effects of preparation parameter such as molar ratio of aluminum chloride, temperature and current density on the degree of preferred crystallographic orientation of electrodeposited aluminum from the plating solution with dimethyl sulfone. The crystallographic orientation of the samples was strongly influenced by the solution composition and temperature. The films from the solution with ratio of 10:3 exhibited highly (200) preferred orientation than that from the solution with other ratio. The XRD peak intensity ratio of I (200) /I (111) reached to 11.3. According to Pangarov's model based on two-dimensional nuclei theory, the samples that exhibited highly (200) preferred orientation may be corresponded to the intermediate overpotential region.
